Imparting periodic structures to a surface can make surfaces suitable for a specific functional performance in a variety of fields such as optical, electrical, biological and mechanical sciences. In this article, microstructures are fabricated on a cemented carbide tool using a focused ion beam (FIB) with the aim to reduce the cutting forces in a turning operation. The effects of FIB process parameters on the fabricated structures are analysed. The microtextured cemented carbide tool is utilized for the machining of an aluminium alloy. Compared to a non-textured tool, microtextured tool exhibited reduced cutting forces by 28% while machining. The microtextured tool reduces the friction between the chip-tool interfaces by reducing the chip-tool contact length.
Introduction
A surface is the outermost binding layer of an object. It plays a vital role in determining the behaviour of a substrate since it is the first layer of contact between a substrate and the environment in which it is functioning. Structured surfaces are those on which a pattern has been artificially imparted, which makes it suitable for specific applications. The structured surface is defined by the geometry of the imparted features rather than the conventional surface finish parameters such as R a or R t . The imparted features can be both random and periodic. Surfaces with specific, periodic patterns imparted on a large area are suitable for applications such as extraordinary optical transmission (EOT)
1 wherein an array of sub-wavelength holes can improve the transmission through metallic films, altering the reflection properties of the substrate, 2 excitation of surface phonon polaritons, 3 etc. Patterned surfaces find applications in solar cells as well. Structured surfaces can reduce the mismatch between the incident medium and the solar cell substrate. It can also concentrate the incident light through localized surface plasmon resonance. 4 Surfaces patterned with nanowires, 5 nanoholes, 6,7 metallic nanostructures 8 or metallic nanogratings 9 have been used to enhance the performance of solar cells. Additionally, patterned surfaces have important applications in plasmonics, [10] [11] [12] cell culture system, 13, 14 , fluidics, 15 etc.
Amongst the various available approaches for fabricating a structured surface, focused ion beam (FIB) machining is the most flexible in terms of substrates that can be processed and the shapes and sizes of which can be fabricated.
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FIB machining is basically a direct writing technique in which a stream of highly focused ions are made incident on a substrate surface. [17] [18] [19] The incoming highly focused stream of ions have very large momentum, and by way of transferring its momentum to the substrate atoms, material removal is achieved. By controlling the focusing voltage and the aperture size, the diameter of the spot can be varied over a wide range.
20 FIB can be used to develop micro-or nanoscale structures with a very high degree of precision with a resolution of beam as low as 7 nm. FIB milling can be employed for a wide range of applications such as the study of coatings, 20 sectioning the cell-material interface, The only limitation of FIB is that it is not economic for a high volume of production so the key is to develop the structures on a small scale using FIB and replicate it on a larger scale through imprinting, casting or moulding. A singlecrystal diamond is the most suited and popular choice for the master in the replication process, but its high cost along with its difficulty in machining necessitates the search for other alternatives. Cemented carbide, which is having a high wear resistance, good oxidation resistance, low thermal expansion coefficient, high thermal conductivity and hardness, can be employed as an imprinting tool if it is possible to develop those micro-and nanostructures on cemented carbide. 25 The present work aims at carrying out a systematic study of the FIB milling of cemented carbide by varying its parameters. Fabricating structures on a cemented carbide surface is useful in developing moulds for nanomoulding, nanoimprinting, etc. But in the present work, the structures are fabricated on a cemented carbide cutting tool and its utility in cutting operation is determined. Also, a simulation-based analysis was carried out for cemented carbide, and a 'soft' metal and the sputtering yield are corelated with binding energy of the molecules on the substrate surface.
The first part of this work is related to fabricating different micro-and nanostructures on the cemented carbide substrate and studying the effect of different FIB process parameters on the fabricated structure. The developed structures are analysed using scanning electron microscopy (SEM) for dimensional and structural integrity. Also, the influence of the surface roughness of the substrate on the fabricated structure was observed. The second part of the work is related to the simulation of the FIB sputtering on cemented carbide and cobalt (Co). Two different substrates are chosen to study the sputtering rate of substrates with different binding energy. It is proposed that the sputtering of Co is more than that of tungsten (W) since the binding energy of Co is lesser as compared to W. This difference in the sputtering rate is validated through energy dispersive X-ray analysis (EDAX). The last part of this work is related to using the structured tungsten carbide (WC) tool for turning an aluminium alloy. Reduction in cutting force is observed by the use of the structured WC tool with a microstructured surface as compared to an unstructured tool.
Experimental and simulation methodology
Experiments were conducted on an uncoated K30 cemented carbide tool material manufactured by Sandvik. The obtained tool material was 310 mm long, 4 mm wide and 3 mm thick, which was cut into smaller pieces of 10 mm length using a diamond cutter to make it suitable for placing inside the FIB chamber. The initial surface roughness of the carbide substrate was 365 nm as measured using the Taylor Hobson Form Talysurf. EDAX and the microstructure of the cemented carbide are shown in Figure 1 . An array of micro-and nanostructures were fabricated using FIB milling. The set-up for the dual-beam FIB milling system is shown in Figure 2 . Fabricated structures consisted of linear grooves, square holes, round holes and micropillars. FIB process parameters such as accelerating voltage, beam current, angle of incidence and dwell time were chosen on the basis of the past literature as a starting point followed by a number of preliminary trials. Developed structures were analysed using SEM micrographs, and the effects of process parameters used were critically analysed and the optimum parameters were employed to develop the structures.
During the trials for the fabrication of microstructures, it was found that the surface finish of the substrate affects the quality of the structures. After making the initial structures on an unpolished substrate (surface roughness R a = 365 nm), diamond polishing was done to improve the surface finish. But it was not possible to achieve surface finish better than 220 nm with diamond polishing. So FIB polishing of the substrate was done. From previous studies, it was observed that the surface roughness of an FIB-milled specimen keeps on decreasing with an increase in the angle of incidence and is minimum at 80°. 26 Hence, to perform the FIB-polishing process, the ion beam should impinge on the substrate at an angle of 80° so that when the ion beam is incident on the peaks of the substrate, the peaks will get removed and this will improve the surface finish. To make the ion column incident at 80° to the substrate, a special 45° angular stab was used. The arrangement is shown in Figure 3 . The Stopping and Range of Ions in Matter (SRIM) is a collection of Monte Carlo computer programmes which is utilised to calculate the sputter yield for WC and Co. The same is validated through EDAX.
Parallel linear grooves were milled on the rake face near the nose of the tool where the material removed as chips from the workpiece flows on the tool. The size of each groove is 200 μm long, 3 μm wide and 1 μm depth, and the pitch distance between the grooves is 20 μm. The micrograph of the tool is shown in Figure 4 . The surface roughness of the tool material measured using Taylor's Hobson Talysurf (R a ) value was found to be 194 nm. Initially, the tool was cleaned using ultrasonic agitation with acetone for 20 minutes before machining. To check the efficiency of the grooves in reducing the friction between the tool-chip interface and tool wear, experiments were conducted by machining aluminium alloy 6063-T6 using the microtextured tool and for comparison, machining with a non-textured tool was also performed. The results of both the tools were compared by measuring the forces generated during machining using the piezoelectric dynamometer. Machining experiments were conducted using the non-textured and microtextured tool in the dry-machining condition using the cutting speed, depth of cut, feed and tool travel length of 200 m min -1 , 0.2 mm, 0.1 mm rev -1 and 300 mm, respectively. The machine tool and the dynamometer are shown in Figure 5 .
Results and discussions

Development of micro/nanogrooves
The experimental investigation of developing micro/nanostructured surfaces on the cemented carbide cutting tool material using FIB milling operation was carried out. Patterns of different structures were milled on the substrate by varying process parameters to analyse the effect of process parameters on the surface to obtain the required structures. It has been discussed that the material is removed by the sputtering process when a high-intensity ion beam is directed to the component to be milled. The sputtering rate during FIB milling can be controlled by varying the process parameters, which affects also the surface roughness. The beam current (ion dose), beam voltage (beam energy), angle of incidence, dwell time (ion beam scanning velocity), vacuum pressure inside the chamber, mode of scanning (raster or serpentine) and percentage overlap between beam diameters (i.e., the combination of the beam diameter and pixel spacing) are the FIB process parameters studied by researchers for different materials.
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The different fabricated structures, the used FIB process parameters along with some critical observations are tabulated in Table 1 . Table 1 . Different fabricated structures with the FIB process parameters used and critical observations. The initial surface roughness of the substrate is 365 nm, so when the groove depth is 100 nm, the structures are, as expected, not clearly visible. As can be seen from the figure, the grooves are clearly visible when the groove depth is more than the surface roughness of the substrate. n the magnified view, it is seen that the walls of the holes are eroded due to the high-beam current. The beam diameter is defined by full width half-maximum (FWHM) and the pixel overlap is given, ignoring the tail of the beam. The tail of the incident beam results in undesired sputtering and ultimately in deviation from the desired geometry. The bottom surface of the holes is not smooth. This is attributed to the polycrystalline nature of the substrate. he current used was lower as compared to the previous case; hence, the erosion of the edges of the square hole is not observed. The edges of the holes are not straight. This is due to the re-deposition effect. In this case, the milling depth was equal to the diameter as compared to the previous case (where the depth was twice as much as the diameter). The re-deposition reduces the sputter depth and can change the required geometry of the final structure.
( Table 1 he boundary of the micropillars is not straight rather rounded due to the Gaussian profile of the beam which results in undesired sputtering from the tail of the beam even after the beam has moved onto the next pixel. t is seen that when structures are fabricated on a diamond-polished specimen (surface roughness reduced to 220 nm as compared to 365 nm for an unpolished substrate), the structures are far better in terms of continuity and visibility.
Microgrooves (after diamond polishing of the substrate)
An array of grooves of 100 nm pitch and 1 μm depth was developed on a 5 μm × 5μm area on a polished sample having the surface roughness value R a = 220 nm by FIB milling as shown in Figure 6 . From Figure 6 (a), it is seen that the effect of grain orientation is not very prominent in the case of nanogrooves because the width of the grooves was much smaller (100 nm) than the average grain size of the substrate (500 nm), so most of the grooves were milled within a single grain only. To study the cross-section of the grooves, a section was cut perpendicular to the grooves using a very low current of 50 pA so as not to damage the fabricated structures. From the cut section, it was seen that the profiles of the grooves are uneven. The presence of peaks and valleys on the substrate (due to the surface roughness) leads to the unevenness of the profile.
To avoid this, the FIB polishing of the sample was done using an angular stub in the FIB specimen holder, as described in the previous section. The surface of the sample was observed to be very fine after the polishing process as shown in Figure 7 . Nanopillar arrays were also fabricated using the same FIB process parameters, shown in Figure 9 . 2µm 2µm Figure 9 . Nanopillar array of 500 nm side length and 500 nm depth (FIB process parameters 30 kV, 0.5 nA, dwell time 10 μs, angle of incidence 0°) (a) top view (b) at a tilt of 20 degree.
These structures, fabricated on the carbide substrate, can be used in nanoimprint lithography (NIL) in which the pattern geometry is transferred directly onto a substrate through a mechanical or hydraulic means. The hardness and wear resistance of cemented carbide tools make it a suitable replacement for diamond, which is the most commonly used materials for NIL.
SRIM simulation and experimental validation
SRIM was used to separately calculate the sputtering yield for WC and Co substrate using Ga+ ions by varying the angle of incidence. The result is shown in Figure 10 . It is seen that the sputter yield increases with increase in the angle of incidence and peaks at the angles of 75°-80°, which is exactly the similar trend as that of Si.
28 It can also be seen that the sputtering yield of Co is higher than that of WC. This can be attributed to the fact that the binding energy of Co is only 4.43 eV as compared to 7.41 eV for C and 8.68 eV for W.
To validate this, EDAX of the substrate was done before and after FIB milling. The results are shown in Figures 11(a) and (b). It can be observed that after FIB milling, the Co peak intensity is reduced in comparison to its intensity before FIB milling is done. It validates the simulation result that sputtering Co is more than that of WC.
Evaluation of the microtextured cutting tool
Microstructures were developed on the K30 cemented carbide tool through FIB milling at the voltage of 30 kV, 0.5 nA beam current and 1 µs dwell time. Ten FIB milling was carried out at an angle of 0° between the surface normal and the incident focused on beam. In the metal-cutting process (turning), the friction occurs in two regions of the cutting tool:
1. On the rake face where the material removed as chips flows over the tool which leads to the friction between the tool and the chip interface. This friction causes abrasion, adhesion and diffusion between the tool material and the chip (work material) which ultimately leads to crater wear. 2. On the flank face where the newly generated work surface will rub with the auxiliary cutting edge of the tool leading to flank wear.
The contact length between the chip and the tool can be reduced by developing microstructures on the rake face of the tool which will reduce the friction between the toolchip interfaces, thereby reducing the crater wear. 17 These structures were made on the rake surface, near the nose of the tool where the material removed as chips flows on the tool. FIB milling was used to fabricate the structures.
Each groove was 200 µm long, 3 µm wide and 1 µm deep. The distance between each groove was kept 20 µm.
The performance of the tool was evaluated through turning experiments conducted on aluminium alloy 6063-T6 using both microtextured and non-textured tools. The results of both the tools were compared by measuring the forces generated during machining using the piezoelectric dynamometer and also the wear on the tool's rake surface after machining was analysed using optical microscope and scanning electron microscope.
The variation in the forces measured using the piezoelectric dynamometer for the non-textured and microtextured tools is shown in Figure 12 . It is seen that the magnitude of forces are lower for the microtextured tool. The cutting force and feed force are reduced by around 28% which is attributed to the presence of microtextures on the rake face of the tool. Two possible hypotheses are put forward for the decrease in the cutting force due to microstructures: (a) the chip has either flown into the grooves, which then acts as a chip breaker and thus reduces the frictional contact between the strained chip and the tool, and (b) the chip did not flow into the grooves; in that case, there is again a reduction in the contact length because of the presence of the grooves.
Either way, the forces are reduced due to the reduction in the contact length between the chip and the rake face of the tool.
Conclusions
The following conclusions can be drawn:
1. FIB is a suitable process for fabricating micro-or nanoscale structures on a cemented carbide substrate. Different microscale (grooves, pillars, square and round holes) and nanoscale structures (grooves and pillars) were fabricated by choosing the suitable FIB process parameters after a number of iterations. 2. The surface roughness of the substrate can affect the quality of the fabricated structures. If the surface finish of the substrate is smooth, it will result in the good quality of fabricated structures. 3. The sputter yield for WC and Co was calculated using SRIM, and it was found that the sputter rate for Co is more than WC, which was attributed to the lower binding energy of Co (4.43eV) as compared to C (7.41eV) and W (8.68eV). This was validated through EDAX. 4. A microtextured tool was used for carrying out turning operations on the aluminium 6063-T6 alloy. As compared to the non-textured tool, microtextured tool gave a reduction of 28% in the cutting and feed forces.
